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ABSTRACT The leaf beetleDiorhabda elongata (Brullé) sensu lato has been released in the western
United States for the classical biological control of exotic saltcedars (Tamarix species and hybrids).
However, athel (T. aphylla [L.] Karsten), an exotic, moderately valued evergreen species in the
southwestern United States and northern Mexico, has not been targeted for biological control. All
populations ofD.elongatapreviously examined, including those promising for release in southern areas
of the saltcedar infestation, develop and oviposit on athel. Therefore, we assessed more fully the
acceptability and suitability of athel to threeD. elongatapopulations (Tunisia, Crete, and Uzbekistan).
All populations of D. elongata laid similar numbers of eggs on athel and saltcedar in no-choice tests.
In multiple- and paired-choice tests, oviposition on saltcedar was generally greater than on athel but
with some notable exceptions and inconsistencies within populations. Increasing cage size delayed the
colonization of and oviposition on test plants by small groups of adult beetles but did not change the
pattern of egg-laying. For Crete beetles, survival and development were similar for larvae fed athel
or saltcedar. Adult size was negatively affected by a larval diet of athel. An adult diet of athel did not
reduce lifetime fecundity, although it did decrease egg mass size and delayed the start of oviposition.
As a result, the innate capacity for increase decreased. The potential for damage to athel byD. elongata
may be higher than previously thought; however, this may be offset by the potential for increased
invasiveness of athel.
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Ten species of Tamarix L. (Tamaricales: Tamari-
caceae) were introduced into North America begin-
ning as early as 1823 for use as ornamentals, for wind-
breaks and shade, and to stabilize stream banks
(Horton 1964, Baum 1967, Crins 1989, DiTomaso
1998). After the late 1920s, some of these species
became invasive along river ways, reservoirs, lake-
shores, and desert springs in the western United States
and northern Mexico (Robinson 1965, DeLoach et al.
2000). The invasive entity is currently comprised of a
complex of four or Þve species and various hybrids of
saltcedars, which are cold-, drought-, Þre-, and salin-
ity-tolerant deciduous shrubs or small trees (Gaskin
and Schaal 2002, 2003). A biological control program
was initiated against saltcedar by the USDAÐARS at
Temple, TX, in 1986. After extensive host-speciÞcity
testing, the leaf beetle Diorhabda elongata (Brullé)
sensu lato (Coleoptera: Chrysomelidae) was released,

with populations from China and Kazakhstan estab-
lished in northern areas of the Unites States and pop-
ulations from Greece having been released in 2003 and
2004 at select locations south of latitude 37� N (De-
Loach et al. 2003, 2004, Lewis et al. 2003a, 2003b).
Additional populations also have been tested that
would likely establish at southern latitudes in North
America (Milbrath and DeLoach 2006, J. C. Herr,
unpublished data). However, no releases for saltcedar
biological control currently have been made near the
U.S.ÐMexico border because of potential conßicts in-
volving Tamarix aphylla (L.) Karsten, which is com-
monly called athel.

Athel is one of the introduced Tamarix species that
has not been targeted for biological control and is
generally not considered invasive in North America at
present (DeLoach et al. 2003), although it is highly
invasive in Australia (GrifÞn et al. 1989). Athel is a
tree-sized, evergreen species that is cold-intolerant,
being found from northern and eastern Africa to Pa-
kistan (Baum 1978). In North America, it has been
planted in Arizona, California, Nevada, New Mexico,
Texas, and Utah, as well as the northern Mexican states
of Baja California, Chihuahua, Coahuila, Durango,
Nuevo Leon, Sinaloa, Sonora, and Tamaulipas (Baum
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1967, González and Aldape 1991, DeLoach 2004,
USDAÐNRCS 2005). Athel is still considered to be of
some value in parts of the southwestern United States
as an ornamental shade tree or as a windbreak, al-
though it has generally not been recommended in
recent years because of its nature of dropping large
quantities of brittle limbs and twigs (DeLoach et al.
2003). Athel is of greater value in desert areas of
northern Mexico, being both a drought-tolerant and
large shade tree, reaching 20 m in height (DeLoach et
al. 2003). For these reasons, athel was designated a
critical test plant for the saltcedar biological control
program, i.e., a species within the order Tamaricales
on which only a low level of damage is acceptable
(DeLoach et al. 2003). Previous host-speciÞcity test-
ing ofD. elongata indicated that athel was suitable for
larval development, but the females that were pro-
duced laid much fewer eggs than females produced
from larvae fed only saltcedar (Lewis et al. 2003b).
Also, athel may be less preferred than saltcedar for
oviposition, with females of most populations often
laying one third the number of eggs on athel than
saltcedar in choice tests (DeLoach et al. 2003, Lewis
et al. 2003a, Milbrath and DeLoach 2006). However, it
is unclear how relatively less oviposition in cage tests
equates to damage in the Þeld (Arnett and Louda
2002) or what degree of host acceptance of athel will
occur in the Þeld in the absence of saltcedar.

Most athel stands in the United States and Mexico
are the result of deliberate plantings, with few natu-
ralized stands known initially (DeLoach et al. 2003).
More naturalized stands have been observed in recent
years (C.J.D., unpublished data), presumably through
vegetative spread from broken branches after ßoods
(Danin 1981). However, successful reproduction by
seed has recently been reported along the shores of
Lake Mead, NV (Barnes 2003), which is also the pri-
mary means of spread in Australia (GrifÞn et al. 1989).
In addition, hybridization between athel and the in-
vasive saltcedarsT. ramosissimaLedebour andT. chinen-
sis Loureiro has been conÞrmed at three sites in the
southwestern United States (Gaskin and Shafroth 2005).
Thus, athel or an athel hybrid has the potential to be-
come invasive, which would create a future conßict of
interest in minimizing damage to athel, one of the orig-
inal goals of the saltcedar biological control program.

We therefore evaluated the acceptability (or at-
tractiveness) of athel for colonization and oviposition
by adult D. elongata from Crete, Greece; Karshi,
Uzbekistan; and Sfax, Tunisia, under no-choice and
choice conditions in outdoor cages, including cages of
different sizes. In addition, we examined the ability of
the Crete population to complete its larval and adult
development on athel (suitability), including athelÕs
effect on beetle reproduction.

Materials and Methods

Insect Colonies

The three populations ofD. elongata included in this
study originated from North Africa to central Asia.

They were collected 15 km south of Sfax, Tunisia
(latitude 34.66� N, longitude 10.67� E, elevation 10 m);
3 km west of Sfakaki, Crete, Greece (latitude 35.83� N,
longitude 24.6� E, elevation 7 m); and 7 km west of
Karshi (Qarshi), Uzbekistan (latitude 38.86� N, longi-
tude 65.72� E, elevation 350 m). TheDiorhabdabeetles
collected on Tamarix in Asia and the Mediterranean
area were all identiÞed as D. elongata by A. S. Kon-
stantinov (USDAÐARS, Systematic Entomology Lab-
oratory, Beltsville, MD) and/or I. K. Lopatin
(Byelorussian University, Minsk, Belarus). Ongoing
research by our team indicates the probability of four
closely related species in the biological control pro-
gram. We here refer to these populations as D. elon-
gata from Tunisia, Crete, and Uzbekistan. A fourth
population collected near Turpan, China, that previ-
ously had been studied by us (Milbrath and DeLoach
2006) was not included because poor overwintering in
central Texas seemed to preclude its usefulness in far
southern sites where athel would occur (unpublished
data). Voucher specimens of D. elongata were depos-
ited with the National Collection of Insects and Mites
of the National Museum of Natural History, Smithso-
nian Institution, Washington, DC (under lot no.
GSWRL-2004-02).

Beetles were imported into the quarantine facility
of the USDAÐARS Exotic and Invasive Weed Research
Unit at Albany, CA, where parasites, predators, and
pathogens were eliminated. Eggs and/or adult beetles
were sent to the USDAÐARS Arthropod Containment
Facility (quarantine) at Temple, TX, to initiate colo-
nies or for immediate use in some tests. Beetle colonies
were maintained in outdoor Þeld cages on various
planted saltcedars under a permit from USDA Animal
and Plant Health Inspection Service received in 1998
and renewed in 2000.

Test Plants

Plants for our tests included various accessions from
Arizona, Colorado, New Mexico, and Texas of athel
and the saltcedars T. canariensisWilldenow/T. gallica
L. (these two species are difÞcult to separate; Crins
1989, Gaskin and Schaal 2003), T. parviflora de Can-
dolle, and the hybrids T. ramosissima x T. chinensis and
T. ramosissima x T. canariensis/T. gallica. These plants
were selected based in part on the availability of suf-
Þcient plant material. The species T. ramosissima and
T. chinensis had been included in previous tests of the
three beetle populations (Milbrath and DeLoach
2006). All Tamarix were identiÞed by J. Gaskin (US-
DAÐARS, Sidney, MT) using the fourth intron of the
nuclear phosphoenolpyruvate carboxylase (pepC)
gene (Gaskin and Schaal 2002).

Plants were propagated from cuttings obtained
from cultivated or naturalized Tamarix plants. Cut-
tings were planted in 8-liter pots containing a mixture
of 10:3:2:1 parts of vermiculite, potting soil, peat moss,
and sand and were fertilized twice yearly with pellets
of a slow-release fertilizer (15Ð9-12 N-P-K). Plants
were held under natural daylengths and 24Ð35�C in a
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greenhouse or natural temperatures in an outdoor
slathouse before their use in tests.

Adult Tests

Adult D. elongata host plant selection and oviposi-
tion preferences (acceptability) among athel and dif-
ferent saltcedar species and hybrids were studied us-
ing no-, paired-, and multiple-choice tests. In addition,
the effect of cage size was assessed for the no- and
paired-choice tests. All tests were conducted outdoors
on the fenced grounds of the Temple ARS laboratory
in 3 by 3 by 2-m (length by width by height) Þeld cages
under natural temperatures and daylengths (Fig. 1).
The area immediately surrounding the Þeld cages was
treated periodically with hydramethylnon (Amdro;
Ambrands, Atlanta, GA) to control Þre ant (Solenopsis
invicta Buren; Hymenoptera: Formicidae) infesta-
tions. Plants inside the cages were watered with a drip
irrigation system.
No-Choice Test. This test focused on adult coloni-

zation of and oviposition on athel and saltcedar when
the test plants were offered individually. Tests were
conducted outdoors from May to June 2004 (Fig. 1).
The experimental arenas were 68 by 53 by 85-cm
(length by width by height) aluminum screen cages
placed inside the 3 by 3 by 2-m Þeld cages. One potted
saltcedar plant (T. ramosissima� T. chinensis, Pueblo,
CO, accession) or one potted athel plant (Encino, TX,
accession) was randomly assigned to a cage. The Gen-
Bank accession no. AY090385 and AY090386 represent
the two haplotypes of the heterozygous pepC gene for
the hybrid saltcedar used in this and the next test.
Average heights (including a 20-cm-tall pot) of the
plants were 70 cm. Pots rested on a 3-cm layer of
potting soil that absorbed excess water within the
cages to prevent the entrapment and drowning of
beetles.

The experimental design for adult colonization in-
cluded four factors in a repeated-measures design:
three D. elongata populations (Crete, Tunisia, and

Uzbekistan) and two test plants (athel or saltcedar) in
a two-way treatment structure in a completely ran-
domized design, with repeated measures on day post-
release (1, 2, and 3) and three locations for adults (test
plant, cage walls, and dead/unaccounted). For ovipo-
sition, the experimental design was similar but only
involved three factors: D. elongata population, test
plant, and location of eggs (plant or cage walls). Five
replications were used. Beetles (10 males and 10 fe-
males per cage) were released into the center of the
cage. Adults were counted 1, 2, or 3 d after release, and
their location was recorded. Adults not easily ob-
served for the 1- and 2-d postrelease counts were
scored as unaccounted to avoid unnecessarily disturb-
ing the beetles. Because the 2-d counts were generally
similar to the 1-d counts, they will not be presented.
Adults were aspirated off the plants, and eggs were
removed, noting their location, after 3 d. All plants
were thoroughly washed with water, and their loca-
tions were randomized between replicates. Two dif-
ferent sets of plants were used in alternate replicates.
New adults were used for each replicate.
Paired-Choice Test. This test, conducted in June

2004 (Fig. 1), studied the preference by adultD. elon-
gata between saltcedar and athel when offered to-
gether. One potted saltcedar plant (T. ramosissima�
T. chinensis, Pueblo, CO) and one potted athel plant
(Encino, TX) were paired in each cage. The location
of each pot within a cage was randomly assigned.
Average heights (including the 20-cm-tall pot) of the
plants were 70 cm. The experimental design for adult
colonization involved a one-way treatment structure
with repeated measures on day postrelease (1, 2, and
3). Each treatment was a combination of a beetle
population (Crete, Tunisia, or Uzbekistan) and a lo-
cation of adults (saltcedar, athel, cage walls, or dead/
unaccounted). The experimental design for oviposi-
tion involved a one-way treatment structure, with
each treatment being a combination of beetle popu-
lation and a location of eggs (saltcedar, athel, or cage
walls). Five replications were used per treatment.
Groups of 10 male and 10 female beetles were released
into each cage. Adults and eggs were counted as pre-
viously described.
CageSize.Simultaneously during the conduct of the

previous two tests in small (0.3 m3) cages, groups of 20
(10 male and 10 female) adultD. elongata from Crete
were released into large (3 by 3 by 2 m, 18 m3) cages,
using similar test plants, placement of plants, and
methods, to assess the effect of cage size on the re-
sponse of D. elongata to athel and/or saltcedar in a
no-choice and paired-choice setting. The experimen-
tal designs were similar to the previous tests except
that cage size (small and large) replaced beetle pop-
ulation. Five replications were used.
Multiple-Choice Test. A multiple-choice test of

adult D. elongata host preference among two athel
accessions and four saltcedar species and hybrids was
conducted from July to August 2004 (Fig. 1; see Table
5 for names). The experimental design was a one-way
treatment structure with Þve or six replications per
treatment. Each treatment was a combination of a D.

Fig. 1. Rainfall and minimum and maximum air temper-
atures during tests ofD. elongata in outdoor cages at Temple,
TX, 2004.
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elongata population (Crete, Tunisia, or Uzbekistan)
and a location of adults or eggs (six different test
plants, cage walls, or ground).

Tests were done in the large Þeld cages. Each cage
was subdivided into four quadrats, each quadrat con-
taining one each of the test plants in pots. The plants
were randomly arranged in each quadrat of each cage,
and the pots were placed on the soil surface. The
average height of the plants (including the 20-cm-tall
pot) ranged from 119 to 176 cm. For each beetle
population, 62Ð129 unsexed adults were released in
the center of a cage. After 3Ð6 d, the number of adults
and eggs on each test plant and the cage walls and
ground were recorded for each quadrat. Eggs were
removed, and adults were aspirated off the plants. All
plants were thoroughly washed with water and ro-
tated one position clockwise within quadrats and be-
tween replicates to control for positional effects.
Adults, previously used and new, for each population
were released back into the same cage. The data an-
alyzed were the average of the four quadrats for each
observation date. Because of the variable number of
adults available between beetle populations and rep-
licates and the unknown proportion of females, adult
colonization and oviposition data were converted to
the percent of adults or eggs, respectively, found at
each location for a given replicate.

Larval Development and Adult Fecundity

A no-choice test was conducted to compare the
suitability of a saltcedar or athel diet on the survival,
development, size, and reproduction of D. elongata
from Crete. This population was chosen for testing as
it already had been released in the Þeld at various
research sites beginning in 2003. The test was con-
ducted from June to October 2004 in the quarantine
laboratory at 28�C (range, 22Ð33�C) and a photoperiod
of 16:8 h (L:D). Saltcedar foliage (T. ramosissima� T.
chinensis, Artesia, NM, GenBank accession no.
AY090385 and AY090386) was collected from plants
growing on the laboratory grounds at Temple and
stored in plastic bags with moist paper towels at 5�C.
Harvested foliage was 0Ð7 d old when fed to the
beetles. Athel branches were collected near Mer-
cedes, TX, every other week and shipped overnight to
Temple. Branches were washed with water and stored
in 19-liter buckets, the cut ends under water, at 5�C.
Larvae or adults were fed athel foliage that was 0Ð14
d old.

The Þrst part of the test focused on the inßuence of
diet on larval/pupal development and survival and
adult size attained byD. elongata.Egg masses of Crete
D. elongata were randomly divided among petri
dishes, and cut foliage of either saltcedar or athel was
placed in each dish. On hatching, 100 randomly se-
lected larvae (0Ð15 h old) from the saltcedar dishes
and 100 larvae from the athel dishes were placed in
separate 50-ml ventilated, clear plastic vials. The ex-
perimental design therefore consisted of a one-way
treatment structure (two types of diet) in a com-
pletely randomized design. Each larva was fed the

same diet of excised leaves for its entire immature
development. Leaves were replaced every 2Ð3 d, and
larvae or pupae were checked daily for survival and
development. Sand was placed in the bottom of each
vial when mature third instars (Þnal instar) were
present to provide a pupation site. The vials were
cleaned of all plant material before adult eclosion.
Each larva served as a replicate (up to 100 per diet) for
the duration of the various life stages. Percentage
survival to the adult stage was calculated by randomly
assigning10 larvae toeachof10groups(replicates) for
each larval diet.

Adult beetles that eclosed were sexed using the
characters of the last visible abdominal sternite (Lewis
et al. 2003b). Adults were frozen immediately after
eclosion if they were not used in the mating study or
at death and measured for size. We measured the
length of the left elytrum to the nearest 0.1 mm using
an ocular micrometer at �10. A highly signiÞcant
linear relationship existed between elytral length and
total body length (body � 1.325 � Elytrum,R2 � 0.99,
F1,128 � 52,543.7, P � 0.0001), allowing us to infer
differences in body length. The analysis for this pa-
rameter included two factorsÑlarval diet and sex of
the adult beetle.

The second part of the test examined how different
combinations of larval and adult diets affected the
fecundity, oviposition schedule, and longevity of adult
D. elongata. The experimental design involved a two-
way treatment structure in a completely randomized
design, with two levels of larval diet and two levels of
adult diet (athel or saltcedar). The four treatment
combinations were thus (1) larval and adult diet of
saltcedar, (2) larval diet of saltcedar and adult diet of
athel, (3) larval and adult diet of athel, and (4) larval
diet of athel and adult diet of saltcedar. For each
treatment, a mating pair of recently eclosed adults
(�24 h old) from the previous experiment was placed
in each of 15 clean vials. For each pair, males and
females were of the same age and had originated from
different egg masses. Foliage was replaced every 2Ð3
d. Adults were checked daily for survival and the
presence of eggs. Males that died were replaced by
similar-age males if available. Egg masses for each
female were removed and placed in individual wells of
marked well plates. The plates were covered with
ParaÞlm (Pechiney Plastic Packaging, Chicago, IL), in
which pin holes were made to provide ventilation and
held until hatching. The total number of eggs and
hatched eggs per mass were recorded. The earliest egg
masses also were checked twice daily to estimate the
number of days until hatch. The preoviposition and
oviposition period, total fecundity, and fertility were
calculated for each female. The few females that es-
caped were not included in analyses. Total longevity
was calculated for males and females. Based on the
data obtained from the fecundity study and the larval/
pupal development and survival study, we calculated
population growth statistics, including net reproduc-
tive rate (R0), mean generation time (T), innate ca-
pacity for increase (rm), and population doubling time
(DT), using methods described by Birch (1948). Com-
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parisons of population growth statistics were made by
randomly dividing females into four groups (repli-
cates) of three to four females for each of the four
treatments.

Statistical Analyses

Data on the number or percentage of adults or eggs
per location for the adult no-choice and choice tests
were analyzed using a protected Kruskal-Wallis test
performed on the ranks of the data (PROC GLM; SAS
Institute 1999), including a repeated-measures anal-
ysis for the no-choice and paired-choice test (Srivas-
tava and Carter 1983). All other data were subjected
to analysis of variance (ANOVA; PROC MIXED, SAS
Institute 1999). Data on percentage survival were arc-
sine squareroot transformed. For all tests, means were
separated using FisherÕs protected least signiÞcant dif-
ference (LSD) test (LSMEANS; SAS Institute 1999)
or preplanned contrasts (CONTRAST; SAS Institute
1999).

Results

Adult Tests

No-Choice Test. The distribution of adult D. elon-
gata among locations within cages differed among
Crete, Tunisia, and Uzbekistan populations over the
3 d of the test (Day � Location � Beetle population:
F� 2.18; df � 8,42; P� 0.049; Table 1). On the Þrst day
postrelease, fewer Uzbekistan beetles were found on
the plants, for both athel and saltcedar (T. ramosissima
x T. chinensis), than Tunisia beetles. Also, more
Uzbekistan adults were located on the cage walls com-
pared with beetles from Crete and Tunisia (Table 1).
However, the majority of adults, including several
mating pairs, were present on the Tamarix test plants,
which was greater than the number of adults on the
cage walls (contrast: F � 6.10; df � 2,24; P � 0.008).

By the third day, similarly high numbers of adult bee-
tles were present on both athel and saltcedar, regard-
less of beetle population (Table 1). In our caged no-
choice test, a similar number of eggs were laid on athel
and saltcedar by all three D. elongata populations.
More eggs were laid on the plants (287 � 88 eggs) than
on the cage walls (67 � 56 eggs, F� 121.51; df � 1,24;
P � 0.001).
Paired-Choice Test. The distribution of adult D.

elongata, when given a choice between saltcedar and
athel, differed among the three beetle populations
over the duration of the test (Day � Treatment: F �
2.91; df � 22,94; P � 0.001; Table 2). On the Þrst day
postrelease, more adult beetles from Crete and
Uzbekistan were present on the saltcedar plants than
on the athel plants or cage walls. In contrast, similar
numbers of Tunisia adults were present on athel and
saltcedar (Table 2). Mating pairs were observed on
both saltcedar and athel. By the third day postrelease,
more D. elongata adults were present on saltcedar
compared with athel for all beetle populations (Table
2). In addition, similar numbers of Uzbekistan beetles
were located on the saltcedar plant and cage walls,
which was not the case for the other two populations
(Table 2). Oviposition differed among the populations
of D. elongata (Fig. 2). Crete and Tunisia beetles laid
more eggs on saltcedar, averaging 192 or 228 eggs/
plant, than on athel or the cage walls. Athel received
less than one half the number of eggs compared with
saltcedar. More eggs also were laid on athel (70 or 92
eggs/plant) than on the cage walls (16 or 35 eggs; Fig.
2). In contrast, for Uzbekistan beetles, we found no
differences in the number of eggs among the two
Tamarix plants and the cage walls (Fig. 2). The num-
ber of eggs laid on the cage walls by Uzbekistan beetles
was much higher, 151 eggs on average, than that laid
by Crete and Tunisia beetles (Fig. 2).
Cage Size. This test compared adult colonization

and oviposition by CreteD. elongata between outdoor

Table 1. Distribution of adult D. elongata (mean � SD) from
three different populations 1 and 3 d after release in no-choice tests
with either saltcedar or athel: Temple, TX, May–June 2004

Location of adults

No. adults

Crete,
Greece

Sfax,
Tunisia

Karshi,
Uzbekistan

1 d after release
Plant 15.1 � 2.3ab 15.4 � 2.1a 12.8 � 3.2b
Cage walls 1.2 � 1.2b 1.7 � 1.5b 3.7 � 2.5a
Dead/unaccounted 3.7 � 2.7a 2.9 � 2.0a 3.5 � 1.5a

3 d after release
Plant 17.1 � 2.5a 15.8 � 3.1a 14.5 � 3.9a
Cage walls 2.7 � 2.4a 3.1 � 2.6a 4.1 � 3.1a
Dead/unaccounted 0.2 � 0.4a 1.1 � 2.5a 1.4 � 2.2a

Outdoor tests in small screen cages, each cage with 20 beetles (10
males, 10 females) and one test plant (saltcedar, T. ramosissima� T.
chinensis, or athel, T. aphylla), n � 5. Means are averaged over
saltcedar and athel, which was not a signiÞcant factor (test plant, P�
0.05). For each day postrelease and location, means within a row
followed by the same letter are not signiÞcantly different (Kruskal-
Wallis test on ranks with mean rank values separated by FisherÕs
protected least signiÞcant difference test, P � 0.05).

Table 2. Distribution of adult D. elongata (mean � SD) from
three different populations 1 and 3 d after release in paired-choice
tests with saltcedar and athel: Temple, TX, June 2004

Location of adults

No. adults

Crete,
Greece

Sfax,
Tunisia

Karshi,
Uzbekistan

1 d after release
Saltcedar 10.2 � 4.0a 9.0 � 4.8ab 8.0 � 1.2a
Athel 2.8 � 1.8de 5.4 � 4.7bcd 3.2 � 2.4cde
Cage walls 2.6 � 3.1de 1.0 � 1.2e 2.6 � 1.9de
Dead/unaccounted 4.4 � 2.5cd 4.6 � 1.5bcd 6.2 � 0.8abc

3 d after release
Saltcedar 14.0 � 1.6a 10.2 � 4.0ab 8.6 � 2.7abc
Athel 4.0 � 1.4def 5.6 � 2.9cde 2.8 � 2.4fgh
Cage walls 1.8 � 1.1ghi 3.2 � 2.7efg 6.2 � 2.6bcd
Dead/unaccounted 0.2 � 1.4i 1.0 � 1.0hi 2.4 � 2.1fgh

Outdoor tests in small screen cages, each cage with 20 beetles (10
males, 10 females) and two plants (saltcedar, T. ramosissima � T.
chinensis, and athel, T. aphylla), n � 5. For each day postrelease,
individual means followed by the same letter within and between the
Crete, Tunisia, and Uzbekistan columns are not signiÞcantly different
(Kruskal-Wallis test on ranks with mean rank values separated by
FisherÕs protected least signiÞcant difference test, P � 0.05).
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cages of two different sizes, 0.3 and 18 m3, for the
no-choice (Table 3) and paired-choice tests (Table 4;
Fig. 3). In the no-choice test, the identity of the test
plant (athel or saltcedar) did not inßuence the loca-
tion of adults among the plants or cage walls. The size
of the cage did have an effect on how adult beetles
were distributed over the 3 d of the test (Day �
Location � Cage size: F � 8.31; df � 4,13; P � 0.002;
Table 3). Fewer Crete adults were present on test
plants in the large cages, and more were unaccounted,
compared with the small cages 1 d after release. More
adults were present on the plants than on the cage
walls (contrast: F� 9.86; df � 1,16; P� 0.007). By 3 d
after release, a similar number of adults were present
on the test plants for the two cage sizes, although more
were still unaccounted in the large cages than in the
small cages (Table 3). Although more total eggs were
laid in the small cages (324.6 � 57.0) than in the large

cages (195.8 � 92.4; F � 20.16; df � 1,16; P � 0.001),
an increase in cage size did not change the pattern of
egg-laying by Crete beetles in the no-choice test. A
similar number of eggs were laid on athel and saltce-
dar, and more eggs were laid on the test plants
(239.8 � 92.5) than on the cage walls (20.4 � 28.1; F�
90.16; df � 1,16; P � 0.001) for both small and large
cages.

For the paired-choice test, the location of adults
varied by cage size and day postrelease (Day � Treat-
ment: F� 4.99; df � 14,62; P� 0.001). On the Þrst day
after release, more Crete adults were present on the
saltcedar plant than elsewhere in the small cages,
whereas very few adults were found on either plant in
the large cages (Table 4). By 3 d after release, the
pattern of adult colonization was similar between the
two cage sizes, with more adults present on the salt-

Fig. 2. Oviposition by D. elongata (mean � SD) from
three different populations after 3 d on saltcedar and athel:
paired-choice tests, Temple, TX, June 2004. Bars denoted by
the same letter are not signiÞcantly different (one-way
Kruskal-Wallis test on ranks with mean rank values separated
by FisherÕs protected LSD, P � 0.05).

Table 3. Distribution of adult D. elongata (mean � SD) from
Crete in different cage sizes 1 and 3 d after release in no-choice tests
with saltcedar or athel: Temple, TX, May–June 2004

Location of adults
No. adults

Small cage Large cage

1 d after release
Plant 15.1 � 2.3a 8.8 � 4.0b
Cage walls 1.2 � 1.2a 2.9 � 2.8a
Dead/unaccounted 3.7 � 2.7b 8.3 � 2.8a

3 d after release
Plant 17.1 � 2.5a 14.4 � 3.2a
Cage walls 2.7 � 2.4a 0.9 � 1.3a
Dead/unaccounted 0.2 � 0.4b 4.7 � 2.2a

Outdoor tests in either small screen cages (68 by 53 by 85 cm) or
large Þeld cages (3 by 3 by 2 m), each cage with 20 beetles (10 males,
10 females) and one test plant (saltcedar, T. ramosissima � T. chi-
nensis, or athel, T. aphylla), n� 5. Means are averaged over saltcedar
and athel, which was not a signiÞcant factor (test plant, P� 0.05). For
each day postrelease and location, means within a row followed by the
same letter are not signiÞcantly different (Kruskal-Wallis test on ranks
withmeanrankvalues separatedbyFisherÕsprotected least signiÞcant
difference test, P � 0.05).

Table 4. Distribution of adult D. elongata (mean � SD) from
Crete in different cage sizes 1 and 3 d after release in paired-choice
tests with saltcedar and athel: Temple, TX, June 2004

Location of adults
No. adults

Small cages Large cages

1 d after release
Saltcedar 10.2 � 4.0ab 1.8 � 2.5de
Athel 2.8 � 1.8cd 0.4 � 0.5e
Cage walls 2.6 � 3.1cde 5.4 � 3.9bc
Dead/unaccounted 4.4 � 2.5cd 12.4 � 4.9a

3 d after release
Saltcedar 14.0 � 1.6a 10.2 � 4.8a
Athel 4.0 � 1.4b 4.6 � 4.0b
Cage walls 1.8 � 1.1c 1.0 � 1.4c
Dead/unaccounted 0.2 � 0.4c 4.2 � 1.9b

Outdoor tests in either small screen cages (68 by 53 by 85 cm) or
large Þeld cages (3 by 3 by 2 m), each cage with 20 beetles (10 males,
10 females) and two plants (saltcedar, T. ramosissima � T. chinensis,
and athel, T. aphylla), n � 5. For each day postrelease, individual
means followed by the same letter within and between the small and
large cage columns are not signiÞcantly different (Kruskal-Wallis test
on ranks with mean rank values separated by FisherÕs protected least
signiÞcant difference test, P � 0.05).

Fig. 3. Oviposition by CreteD. elongata (mean � SD) in
two sizes of cage after 3 d on saltcedar and athel: paired-
choice tests, Temple, TX, June 2004. Bars denoted by the
same letter are not signiÞcantly different (one-way Kruskal-
Wallis test on ranks with mean rank values separated by
FisherÕs protected LSD, P � 0.05).
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cedar plants than on athel or the cage walls (Table 4).
As in the previous no-choice test, more total eggs were
laid in the small cages than in the large cages over 3 d
(small versus large cage contrast: F� 21.64; df � 1,24;
P� 0.001), but the pattern of oviposition by CreteD.
elongata was similar between the two cage sizes: a
statistically similar number of eggs were laid on salt-
cedar and athel, and more eggs generally were laid on
the two test plants than on the cage walls (Fig. 3).
Multiple-Choice Test. This test compared adult

preference by Crete, Tunisia, and UzbekistanD. elon-
gata for different accessions of athel and various spe-
cies or hybrids of saltcedar in large outdoor cages
(Table 5). The percentage distribution of adults
within each of the various locations (six different test
plants, cage walls, and ground) was similar among the
three beetle types, except for a lower percentage of
Crete beetles on T. ramosissima � T. canariensis/T.
gallica than Tunisia and Uzbekistan beetles. The per-
centage of adults present on the four saltcedar entries
was greater than on the two athel entries for all three
beetle types, with the exception of Tunisia beetles
colonizing T. canariensis/T. gallica.Adult colonization
of the athel accessions also was not different than that
of the cage walls. Oviposition was greater on saltcedar
than on athel averaged over the three beetle popula-
tions (contrast: F � 76.54; df � 1,104; P � 0.001). As
in the paired-choice test, athel plants received on
average only one fourth to one half the amount of eggs
as saltcedar plants. However, the response of the three
beetle types was more variable when considering in-
dividual accessions of saltcedar and athel. ForD. elon-
gata from Tunisia and Uzbekistan, greater percentages
of eggs were found on the different saltcedar entries,
with the exception of T. canariensis/T. gallica, com-
pared with athel. In contrast, Crete D. elongata
showed no differences in oviposition among three of
the four saltcedars and the athel from Phoenix, AZ. In
all cases, oviposition on the T. ramosissima � T. chi-
nensis hybrid, the most widespread Tamarix type, was
signiÞcantly greater than on either of the two athel
accessions. The saltcedar T. canariensis/T. gallica usu-
ally received a smaller percentage of eggs than the
other saltcedars used in this test for all beetle popu-
lations. In all cases, the two athel accessions received
similar percentages of eggs within a beetle population.
However, Crete beetles did lay a higher percentage of
eggs on athel (Phoenix, AZ) compared with Tunisia
and Uzbekistan beetles.

Larval Development and Adult Fecundity

Testing of the suitability of athel and saltcedar for
D. elongata from Crete revealed no differences be-
tween the two diets in larval/pupal survival or the
duration of larval and pupal stages, except for a minor
difference in the second stadium (Table 6). Larvae fed
athel produced slightly smaller male and female adults
than larvae fed saltcedar (Table 6). The type of larval
diet did not inßuence any measure of female repro-
duction, days for egg hatch, or adult longevity (Table
7). However, an adult diet of athel resulted in a longer
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preoviposition period, longer total longevity for both
males and females, and a smaller number of eggs per
egg mass than adults fed saltcedar (Table 7). The
duration of the oviposition period, total eggs or egg
masses per female and days to egg hatch were not
signiÞcantly affected by the adult diet (Table 7). Crete

beetles fed a larvalÐadult diet of athelÐsaltcedar had a
slightly lower hatch rate of eggs compared with bee-
tles that had received a saltcedarÐsaltcedar diet; oth-
erwise, percentage hatch was similar (Table 7). Al-
though the larval diet had no effect on any population
parameter calculated for Crete D. elongata, the adult
diet did have a signiÞcant effect. Adults fed athel had
a longer mean generation time (T), at least 6 d longer,
a 13% lower innate capacity for increase (rm), and a
slightly longer population doubling time (DT) than
when adults were fed saltcedar (Table 8).

Discussion

Adult Acceptance

The acceptability of athel as a host plant to adults of
the three populations of the leaf beetleD.elongata that
we tested (from Tunisia, Crete, and Uzbekistan) was
similar to saltcedar in a no-choice setting and variable
in a choice setting. In previous multiple-choice tests
with these same populations and additional ones from
China and Kazakhstan, athel usually received one
third to one half the amount of eggs than most salt-
cedar accessions (DeLoach et al. 2003, Lewis et al.
2003a, Milbrath and DeLoach 2006). Notable excep-
tions in which no preference between saltcedar and
athel occurred involved the Uzbekistan beetle in large
cage tests and D. elongata from Crete and Fukang,
China, in small cage tests (Milbrath and DeLoach
2006). In this study, Uzbekistan beetles did show a
higher degree of preference for most saltcedars over
athel in the large cage, multiple-choice test, although
they did not discriminate between saltcedar and athel

Table 6. Immature development and survival and adult size of
D. elongata from Crete fed saltcedar or athel, Temple, TX, 2004

Stage
Duration (d)

Saltcedar Athel

First instar 3.8 � 0.1a (99) 3.8 � 0.1a (100)
Second instar 3.1 � 0.1a (97) 2.9 � 0.1b (97)
Third instar

Active 3.9 � 0.1a (92) 3.9 � 0.1a (94)
Prepupa 2.5 � 0.1a (84) 2.5 � 0.1a (87)

Pupa 4.6 � 0.1a (80) 4.7 � 0.1a (81)
Total (neonate

to adult)
17.8 � 0.1a (80) 17.7 � 0.1a (81)

Percent survival (neonate to adult)
85.0 (72.5Ð93.7)a (10) 84.2 (72.5Ð93.1)a (10)

Sex Left elytral length (mm)
Female 5.19 � 0.04 (47) 5.09 � 0.05 (33)
Male 4.57 � 0.05 (29) 4.46 � 0.04 (42)

Factors for length F-value; df; P value
Diet 5.12; 1,147; 0.025
Sex 193.35; 1,147; �0.001
Diet � sex 0.00; 1,147; 0.962

Larval-pupal development based on an initial 100 randomly se-
lected larvae, fed saltcedar (T. ramosissima�T. chinensis) or athel (T.
aphylla) at 28�C and checked daily. Values are mean � SE (n) except
percent survival, which are back-transformed means from arcsine
square root values, followed by 95% CIs in parentheses. Within each
row (except length), means followed by the same letter are not
signiÞcantly different (FisherÕs protected least signiÞcant difference
test, P � 0.05).

Table 7. Adult development and fecundity of D. elongata from Crete fed saltcedar or athel, Temple, TX, 2004

Larval diet Adult diet

Duration (d)

Preoviposition
period

Oviposition
period

Total longevity,
females

Total
longevity,

males
Egg hatch

Athel Athel 8.1 � 0.5 (11) 26.6 � 3.8 (11) 31.9 � 5.7 (13) 47.0 � 5.5 (14) 5.2 � 0.1 (25)
Athel Saltcedar 5.9 � 0.4 (15) 18.4 � 3.3 (15) 26.1 � 5.3 (15) 31.2 � 5.0 (17) 5.2 � 0.1 (25)
Saltcedar Athel 8.5 � 0.5 (12) 20.6 � 3.7 (12) 26.6 � 5.5 (14) 57.5 � 5.7 (13) 5.2 � 0.1 (25)
Saltcedar Saltcedar 6.9 � 0.4 (14) 15.0 � 3.4 (14) 22.1 � 5.3 (15) 34.9 � 5.3 (15) 5.3 � 0.1 (25)
Factora F-value; df; P value
Larval diet 2.55; 1,48; 0.117 1.78; 1,48; 0.188 0.11; 1,108; 0.746 0.57; 1,96; 0.452
Adult diet 16.96; 1,48; �0.001 3.81; 1,48; 0.057 10.27; 1,108; �0.002 0.57; 1,96; 0.452
Sex Ñ Ñ 17.54; 1,108; �0.001 Ñ

Larval diet Adult diet Total eggs/female
Total egg

masses/female
Eggs/mass Percent hatch

Athel Athel 328.0 � 60.4 (13) 24.3 � 4.5 (13) 13.8 � 0.6 (11) 84.9 (79.3Ð89.8) (11)
Athel Saltcedar 305.1 � 56.2 (15) 20.5 � 4.2 (15) 15.5 � 0.5 (15) 79.6 (74.3Ð84.4) (15)
Saltcedar Athel 278.1 � 58.2 (14) 19.9 � 4.4 (14) 14.5 � 0.6 (12) 79.8 (73.9Ð85.1) (12)
Saltcedar Saltcedar 219.7 � 56.2 (15) 14.3 � 4.2 (15) 16.0 � 0.5 (14) 86.5 (81.7Ð90.6) (14)
Factor F-value; df; P value
Larval diet 1.37; 1,53; 0.247 1.49; 1,53; 0.228 1.17; 1,48; 0.285 0.14; 1,48; 0.714
Adult diet 0.50; 1,53; 0.484 1.20; 1,53; 0.278 9.36; 1,48; 0.004 0.09; 1,48; 0.766
Diet � diet 0.09; 1,53; 0.760 0.04; 1,53; 0.835 0.04; 1,48; 0.852 5.56; 1,48; 0.023

Adult reproduction and longevity based on an initial 15 mating pairs fed a combination of athel (T. aphylla) and/or saltcedar (T. ramosissima�
T. chinensis) as larvae and adults, and egg development based on one to four egg masses randomly sampled per female, reared at 28�C, and
checked daily. Values are mean � SE (n) except percent hatch, which are back-transformed means from arcsine square root values, followed
by 95% CIs in parentheses.
aNo interaction terms were signiÞcant (P � 0.05).
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in the small cage, paired-choice test. In contrast, the
Crete beetle showed a preference for saltcedar in the
paired-choice test but not in the multiple-choice test.
The Tunisia beetle was the only population tested that
consistently displayed an oviposition preference for
saltcedar in choice tests. Nevertheless, when athel was
offered by itself, all populations of D. elongata colo-
nized and laid eggs on athel at a level comparable with
that of saltcedar. AdultD. elongata,which are consid-
ered to be the most discriminating stage when it comes
to host plant selection, especially when ovipositing
(DeLoach et al. 2003, Lewis et al. 2003a), apparently
Þnd athel as acceptable as saltcedar under conÞned,
no-choice conditions. However, no-choice cage tests
are not realistic in the sense that the insects cannot
leave the experimental arenaÑa current constraint of
quarantine tests that may produce false positive results
but one that minimizes false-negative results (Cullen
1990, Marohasy 1998, Heard 2000). Open Þeld tests are
one option to better understand the acceptability of
nontarget plants (discussed below).

We compared host plant selection in small versus
large cages, using the same number of adult beetles, to
determine if the selection of athel relative to saltcedar
decreased in larger cages, which could indicate a step
toward even less selection of athel in the open Þeld.
We consider large cages, primarily used for multiple-
choice tests, as providing a more realistic setting as the
beetles are less conÞned (Cullen 1990, Heard 2000).
However, cage size did not affect the pattern of ovi-
position between athel and saltcedar in either the
no-choice or paired-choice tests. The reduced ovipo-
sition we observed in the large cages, which were 60
times larger in volume than the small cages, seemed to
be caused by a substantial delay in colonization of the
test plants by the adult beetles during the 3-d period
we imposed. Therefore, tests in large cages using small
numbers of adults need to be conducted for a longer
period compared with small cages. The use of smaller
cages is often preferred, assuming it is appropriate
given the biology of the insect (Briese et al. 2002),
given constraints on space and the desire to test as
many plants as possible simultaneously. For purposes
of laboratory or greenhouse quarantine testing, small
cages did not seem to bias our results in this and
previous tests (Milbrath and DeLoach 2006).

Larval/Adult Suitability

The suitability of athel, and indeed all Tamarix spe-
cies and hybrids tested, for larval development in D.
elongatawas known previously, although usually only
percentage survival was recorded (DeLoach et al.
2003, Lewis et al. 2003a, 2003b, Milbrath and DeLoach
2006). Our more detailed examination showed that the
only apparent negative effect of a larval diet of athel
was a slight reduction in adult size for Crete beetles
compared with larvae fed saltcedar. Adults that were
fed athel, regardless of the previous larval diet, lived
longer and showed a trend toward a longer oviposition
period than their saltcedar-fed counterparts, resulting
in similar lifetime fecundities. However, an adult diet
of athel also negatively affected some aspects of re-
production, in particular delaying the start of ovipo-
sition and reducing the size of egg masses. As a result,
population growth rate decreased by 13% and the
population doubling time increased slightly. We do
not know if these results would change if the beetles
were reared on intact athel plants in the Þeld. Nev-
ertheless, our laboratory results contrast with the
greater negative effect that a lifetime diet of athel had
onD. elongata deserticola from Fukang, China (Lewis
et al. 2003b), although they concluded thatD. elongata
deserticola still would be able to sustain a population
on athel.

Risk to Athel

Kovalev (1995) stated that athel generally has a
different insect fauna than saltcedar and that specialist
insects of saltcedar species of Tamarix would be un-
likely to develop on athel. However, he restricted his
comments to those insects that are geographically
isolated from the range of athel. Athel overlaps with
the distribution of D. elongata, from North Africa to
Pakistan (Lopatin 1977, Baum 1978). We have a Þeld
collection record of D. elongata reared from athel in
Pakistan. Based on known morphological differences
among the studied populations, the beetle was similar
to the Uzbekistan population (J. L. Tracy, personal
communication). Therefore, some Þeld use of athel by
D. elongata does occur in the Old World, although to
what extent is unclear.

Table 8. Population growth statistics (mean � SE) for D. elongata from Crete fed saltcedar or athel, Temple, TX, 2004

Larval diet
Adult
diet

Net reproductive
rate (Ro)

Mean generation
time (d, T)

Innate capacity
for increase

(rm)

Population doubling
time (d, DT)

Athel Athel 105.5 � 14.6 43.5 � 1.4 0.107 � 0.004 6.6 � 0.2
Athel Saltcedar 101.4 � 14.6 36.5 � 1.4 0.126 � 0.004 5.6 � 0.2
Saltcedar Athel 94.7 � 14.6 42.0 � 1.4 0.109 � 0.004 6.4 � 0.2
Saltcedar Saltcedar 79.9 � 14.6 35.6 � 1.4 0.121 � 0.004 5.8 � 0.2
Factor F-value; df; P value
Larval diet 1.22; 1,12; 0.291 0.75; 1,12; 0.403 0.05; 1,12; 0.835 0.01; 1,12; 0.916
Adult diet 0.42; 1,12; 0.531 22.13; 1,12; �0.001 14.41; 1 12; 0.003 12.71; 1,12; 0.004
Diet � diet 0.13; 1,12; 0.721 0.05; 1,12; 0.822 0.78; 1,12; 0.396 0.57; 1,12; 0.464

Adults reared on a combination of athel (T. aphylla) and/or saltcedar (T. ramosissima�T. chinensis) as larvae and adults at 28�C. Calculations
based on values of 22.9 (athelÐathel, athelÐsaltcedar), 23.0 (saltcedarÐathel), and 23.1 d (saltcedarÐsaltcedar) preadult development, n � 4
groups of females with three to four females per group.
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The acceptability of athel for oviposition and the
ability of D. elongata to develop, survive, and repro-
duce on athel in quarantine tests indicates that athel
is at least at a moderate risk to damage in North
America, although we cannot predict what level of
damage may occur in the open Þeld. Because of the
current value placed on athel as an ornamental shade
tree and windbreak, especially in northern Mexico, we
would like the approval of Mexican scientists, natural
areas managers, and authorities before releases of D.
elongata are made along the Rio Grande, TX. How-
ever, saltcedar has invaded many areas in northern
Mexico, and biological control is desired there as well
as in the United States, creating a similar conßict of
interest for Mexico. We are attempting to resolve this
issue by conducting uncaged, open-Þeld tests involv-
ing the transplanting of athel into natural stands of
saltcedar in which Crete beetles have been released.
Two Þeld experiments have been initiatedÑone in
2004 involving an isolated patch of saltcedar near
Kingsville, TX, and the second in 2005 with a more
extensive stand of saltcedar at Big Spring, TX. Cur-
rently, the beetles are only established outside of Þeld
cages at Big Spring, and it may be a few years before
deÞnitive answers are available. The use of a different
biological control agent may be needed to minimize
damage to athel, assuming such an agent will still
attack the complex of saltcedar species and hybrids
present.

Athel is, however, an exotic ornamental, and not all
workers consider protecting such plants a necessary
consideration for weed biological control programs,
given the possibility of Þnding suitable replacements
(Pemberton 2002). Indeed, given that the related salt-
cedars are highly invasive, it is probable that athel
could eventually show invasive tendencies in North
America, as it has in Australia (Griffen et al. 1989).
Initially, only a few locations of naturalized stands of
athel were known, the largest at the Salton Sea and
along the lower Colorado River, CA (DeLoach et al.
2003). More recently, additional sites have been iden-
tiÞed near Coalinga, CA (Dorn 1986); Niland, CA;
Buckeye, AZ; and Rio Grand Village and Mercedes,
TX (C.J.D., unpublished data). These are believed to
have propagated vegetatively from branches, because
athel seed is dropped in late summer when limited
moisture greatly limits germination except during
summer ßoods (Danin 1981, Dorn 1986, Griffen et al.
1989). However, reproduction by seed has been con-
Þrmed at Lake Mead, NV (Barnes 2003), and hybrid-
ization is also occurring between athel and the inva-
sive saltcedars T. ramosissima and T. chinensis (Gaskin
and Shafroth 2005). The goal of minimizing risk to
athel could conceivably change to that of controlling
athel should it become an invasive plant in North
America in the future.
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